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© Method for heat treating cast titanium articles. 

© Cast titanium alloys and a method of heat treating the 
alloys in order to obtain fstigue and mechanical properties 
comparable to wrought titanium. The heat treatment is 
practiced by solution heat treating 8 cast titanium article 
above its beta trensus, rapidly cooling, stabilizing at a 
temperature within the alloy's alpha/beta phase range, and 
finally aging the article to achieve the desired properties. 
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METHOD FOR HEAT TREATING CAST TITANIUM ARTICLES . 

This invention relates to the thermal processing of 
cast titanium articles and more particularly to 
a method of heat treating cast alpha/beta titanium 
alloy articles. 

5 « Alpha/beta titanium alloys are well known in 

the art and are described in "Titanium and Titanium 
Alloys Source Book" published by the American Society 
for Metals (1982). in particular, the physical 
metallurgy, properties, microstructure and conventional 

10. processing of titanium castings are discussed in 

this publication in Pages 289-300. The alpha/beta 
titanium alloys and processes applicable thereto 
are the subject of U.S. Patent Nos. 3,007,824, 
- 3,405,016, 4,053,330. 

15 « U.S. Patent No. 3, 007, 824 discloses a surface 

hardening process applicable to a specific alpha/beta 
alloy which involves heating the article to a temperature 
within the beta phase field and then quenching it. 
No further heat treatment or modification of the 

20. resulting microstructure is employed. 

U.S. Patent No. 3, 405, 016 describes a heat treatment 
to improve the formability of alpha/beta titanium 
alloys which involves quenching from the beta phase 
field followed by mechanical deformation in the 

25. alpha/beta phase field. 

U.S. Patent No. 4,053,330 describes a method 
for improving the fatigue properties of titanium 
alloy articles which requires deformation in the 
beta phase field to refine the beta grain size, 

30. followed by rapid quenching to a martensitic structure 
and tempering in the range of 1000° to 1600°F (538- 
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870°C) to convert partially the martensite to acicular 
alpha and to cause the formation of discrete equiaxed 
beta particles at the acicular alpha boundaries. 

Titanium alloys are often used in applications 
5. where a high ratio of mechanical properties to weight 
is important. Specifically, such alloys are typically 
used in dynamic applications such as fan and compressor 
blades in gas turbine engines where a high level 
of tensile and fatigue strengths is critical. However, 
10. these strength characteristics of the selected alloy 
must be accompanied by good toughness, and high 
resistance to impact damage and crack propagation. 
The alpha/beta titanium alloys in which the alpha and 
' beta phases are present at low temperatures are 
15. commonly used for these applications. 

In order to use these alloys effectively in 
such dynamic application, wrought or forged processing 
conditions are conventionally used because of the 
resulting superior fatigue strength compared to 
20. that of castings produced from the same alloys. 

Similarly, critical static structural use of titanium 
castings in gas turbine engines has often been limited 
by the inferior mechanical properties compared to 
those of forgings. Nevertheless, the lower cost 
25. of titanium castings compared to machined forgings 
establishes a significant incentive to improve the 
properties of castings so that they are competitive 
compared to those of forgings. 

In many gas turbine engine applications the 
30. ability to use a cast titanium alloy article with 
an attractive balance of tensile strength, impact 
and .crack propagation characteristics is particularly 
desirable. Such applications include but are not 
limited to hollow titanium air foil shapes such 
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as blades and vanes. In many cases hollow components 
are necessary to reduce component weight or to improve 
their functional, performance. For example hollow 
titanium airfoils allow fan stage blades to be designed 

5. with high structural stiffness to weight ratios. 
Hollow titanium fan airfoils make it possible to 
eliminate the midspan shroud which is often used 
to eliminate excessive blade vibratory deflection 
due to aerodynamic loading. Very low aspect ratio 

10. airfoils become possible as a result of hollow blade 

construction which can also result in improved aerodynamic 
efficiency and improved resistance to impact from 
ingested foreign objects such as birds. 

The construction of such hollow titanium airfoils 

15. has been demonstrated by several schemes of manufacture 
including the welding, brazing or diffusion bonding 
of multiple pieces to produce a single hollow structure. 
However, each of these approaches has associated 
undesirable aspects such as excessive cost, metallurgical 

20. inhomogeneity in chemistry or microstructure or 
difficulty in controlling the presence of sharp 
internal notches which can lead to premature fatigue 
failure. A hollow cast titanium airfoil produced 
by conventional investment casting practice using 

25. a leachable internal core minimizes or eliminates 

these shortcomings when processed according to this 
invention. 

It is an object of this invention to provide 
a cost titanium fan blade, solid or hollow, having- 
30. a controlled alpha/beta structure derived from a 
prior martensitic condition. 
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It is another object of this invention to provide 
a cast titanium alloy hollow fan blade having fatigue 
strength comparable to a wrought fan blade. 

It is a further object of this invention to 

5. provide a process for transforming the microstructure 
of a cost titanium alloy into an alpha/beta phase 
structure derived from a prior martensitic condition. 

According to the invention, there is provided 
a method of heat treating a cast titanium alloy 

10. article characterised by the steps of: heating the 
cast article; cooling the heated article rapidly; 
stabilizing the cooled article at a first temperature, 
and aging the stabilized article at a second temperature 
less than said first temperature. 

15. Cast titanium alloy articles produced from 

the class of titanium alloys which contain both 
alpha and beta stabilizer may be heat treated by 
the method of this invention to improve their fatigue 
behavior while maintaining high resistance to impact 

20. damage and propagation of cracks. The process produces 
a metallurgical structure of randomly oriented 
acicular alpha, with no large colonies of similarly 
aligned alpha platelets, and with control over the 
width of individual alpha platelets which leads 

25. to a very desirable and advantageous balance of 

fatigue properties with other mechanical properties. 

The method may be advantageously applied using 
titanium or an alloy thereof for example a Ti - 
6%A1 - 4%v alloy and may be used to manufacture 

30. various components, particularly gas turbine airfoils. 
In this way gas turbine airfoils can be cast from 
titanium alloys having a tensile strength of- about 
145 - 161 KSI (100 - 1110 MPa) and 
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a Charpy impact strength of 12-24 ft-lbs (16.3 - 
32. 5J). 

Preferably, the heating step comprises heating 
the article to a temperature above its beta transus 
5. temperature. This temperature may be up to 150°F 

(83K) above the beta transus temperature. This may 
transform the alpha/beta microstructure of the alloy 
to a substantially beta microstructure. 

Preferably, the rapid cooling step, is arranged 
10. to produce an acicular martensitic microstructure 

in the article and is preferably achieved by quenching. 
The quenching medium may be a liquid such as oil 
or more preferably water, or may be a gas such as 
- argon or helium. 
15. Preferably, the stabilizing step comprises 

stabilizing the cooled article within a temperature 
range of from about 1500°P (816°C) to about 1825°f (996°C) 
i.e. at a temperature within its alpha/beta phase 
field.- Preferably, the stabilizing step thermally 
20. decomposes any martensitic microstructure. 

The aging step may comprise aging the stabilized 
article within a temperature range having an upper 
temperature limit less than about 1500°F (816°C). 
Preferably, the aging is carried out at a temperature 
25. of 1000-1300°F (538 - 705'C) for a time of 1 to 8 

hours. This tends to decompose a portion of the beta 
microstructure into an alpha/beta microstructure. 
In one preferred method, the aging is carried out 
at approximately 1300°F (704°C) for approximately - 
30. 2 hours. 

The method may also incorportate an intial 
step of hot isostatically pressing the article. 
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The present invention is therefore preferably 
practiced by heat treating a cast titanium alloy 
article at a temperature above its beta transus temperature 
for a time sufficient to achieve a substantially 

5. beta microstructure, and thereafter rapidly cooling 

the article to produce an acicular martensitic microstructure. 
The resulting martensite is then thermally decomposed 
by stabilizing the article at a temperature within 
the aplha/beta phase field to form acicular alpha 

10. and beta phases, and to grow the alpha platelets 
to a predetermined thickness to provide them with 
the desired characteristics. Thereafter, the article 
is cooled to room temperature. The article is then 
• aged by reheating it to a temperature between about 

15. 1000 to 1300°F (538 - 705°C) for a time of about 

1 to 8 hours to partially decompose the beta phase, 
thereby achieving the final desired properties. 

According to a further aspect of the invention, 
there is provided a method of providing a hollow 

20. cast titanium alloy article comprising the steps 
of: casting a slightly oversized article around 
a leachable core within a mold by vacuum skull melting; 
removing the article from the mould; placing the 
article into a leaching agent to disintergrate the 

25. core; milling an oxygen enriched layer off the article; 
hot isostatically pressing the article; heat* treating 
the article to a temperature about its beta transus 
temperature; rapidly cooling the article to produce 
an acicular martensitic microstructure; thermally * 

30. decomposing the martensitic microstructure by stabilizing 
the article at a temperature between 1500 - 1825°P 
(816 - 996°C); and aging the article at a temperature 
of 1000-1300 (538-705°C) for a time of 1 to 8 hours. 
The invention may be carried into practice in 
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various ways and some embodiments will now be described 
by way of "example with reference to the accompanying 
drawings, in which:- 

Pigure 1 is a perspective view of a gas turbine 
5. fan airfoil made according to the present invention; 

Figure 2 shows the airfoil of Figure 1 with 
the outer sking removed to reveal the internal rib 
design; 

Figure 3 is a photomicrograph of a Ti-6A1-4V 
10. fan blade as cast; 

Figure 4 is a photomicrograph of the fan blade 
of Figure 3 after being subjected to heat treatment 
above the beta transus temperature of the alloy, 
and rapid quenching; 
15. Figure 5 is a photomicrograph of the fan blade 

of Figure 4 after being further subjected to a stabilization 
temperature of 1500°F (816°C) for 30 minutes; 

Figure 6 is a photomicrograph of a second fan 
blade as shown in Figure 4 after being further subjected 
to a stabilization temperature of 1600°F (871°C) 
for 30 minutes; and 

Figure 7 is a photomicrograph of a third fan 
blade as shown in Figure 4 after being further subjected 
to a stabilization temperature of 1750°F (954°C) 
25. for 30 minutes. 

Referring generally to Figures 1 and 2, there 
is shown a final cast article, in this case a gas 
turbine fan airfoil 10 made according to the present 
invention. The airfoil 10 is of a hollow cast construc- 
30. tion, having an outer skin 12 and a plurality of 
internal ribs 14 therein. The internal rib design 
is shown as a matter of example and is not specific 
to the invention. 
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5. 



10. 



15, 



20. 



25. 



30. 



In practicing the method of the present invention, 
a slightly oversized titanium alloy blade is cast 
around a leachable core by a conventional vacuum 
skull melting process. The leachable core is composed 
of a ceramic binder such as a silica bonded yttrium 
oxide. Once the case titanium alloy has sufficiently 
cooled, the mould is removed and the cast article 
is placed into a leaching agent or caustic solution, 
e.g. potassium hydroxide or sodium hydroxide, to 
remove the core material leaving the cast hollow 
titanium article. The caustic solution attacks 
the core, but not the metal of which the article 
is made. 

After leaching, the cast titanium article has 
what is" known as a layer of oxygen enrichment (alpha 
case) thereon. This layer has been created by the 
reactive nature of the molten titanium alloy being 
used with both the ceramic investment mould and 
the ceramic material in the leachable core. The 
oxygen enrichment layer is brittle and is therefore 
undesirable due to its susceptibility to crack formation 
and propagation during use. 

Removal of the oxygen enriched layer is accomplished 
either by chemically or mechanically machine milling 
the contaminated layer from the surface of the cast 
article. Chemical removal can be effected by dipping 
the article into a solution such as a mixture of 
nitric and hydroflouric acid. In the case of a 
hollow article, the acid is able to flow into the 
interior of the article in order to mill chemically 
the oxygen enriched alpha layer created by 
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the reaction of the titanium with the leachable core. 

Following removal of its oxygen enriched layer, 
the article is placed directly into a hot isostatic 
press and consolidated, at a predetermined temperature 

5. and pressure for a predetermined time period 

(hipping). .For the illustrated cast ■ titanium • 
fan airfoil 10 the hipping temperature is between 
approximately 1650°F (900°C) and approximately 1850°F 
(1010°C), and the hipping pressure is approximately 

10. 15,000 psia or 15 ksi (103.4 MPa). The article 
is subjected to this hot isostatic pressure and 
temperature for approximately 1 to 3 hours in an 
argon atmosphere. 

As is well known in the metallurgical art, 

15. the object of the hot isostatic pressing is to collapse 
internal voids which have been formed during the 
casting process in order to eliminate any appreciable 
degree of blade porosity. After subjecting the 
article to hot isostatic pressing, the surface area 

20. is inspected for defects. Any existing surface 
defects can be repaired by conventional titanium 
welding techniques. 

After the hipping of the airfoil 10, it is 
subjected to a heat treatment process in accordance 
with the present invention. This provides the airfoil 

25. with mechanical properties comparable to those -of 

a wrought titanium alloy airfoil, but at a substantially 
lower fabrication cost. 

In the application of the heat treatment process 
of the present invention to the Ti-6%A1-4%V alloy, 

30. of which the illustrated blade 10 is formed, the 
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essential steps of the process of which this is 
an embodiment, are first to heat the article to~a 
temperature at or above its beta transus temperature 
for a time which is sufficient to achieve the formation 
of an all beta structure. The beta transus temperature 
for the Ti-6%A1-4%V alloy is about 1825°F (997°C) 
but varies by approximately ± 25F° (14K) depending 
on the precise chemistry. The length of time that 
the article is exposed to a temperature within the 
beta phase field is not critical and may be less 
than one minute, however, in samples with varying 
cross section or thicknesses it is important that 
sufficient time be allowed so that all parts of 
the component achieve a temperature which is above 
the beta transus temperature; i.e. the temperature 
above which the microstructure is converted to an 
all beta phase. For example, for a typical fan 
blade as shown in Figures 1 and 2, having a 0.05 
inch (1.27mm) skin and 0.5 iches (12.7mm) root section 
thickness, 30 minutes has been found to be adequate 
to ensure that the entire workpiece is exposed to 
its beta transus temperature. 

The beta transus temperature may also be considered 
to be the lower boundary of the beta phase field. 
The temperature within the beta phase field should 
be limited to less than approximately 150F° (83K) 
above the beta transus temperature so as to limit 
the growth of the beta grains, although temperatures 
higher than this will also result in satisfactory 
results for many thick section articles where the 
beta grain size is much less than the minimum section 
dimension. 
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In practice it has been found that the most 
favourable heating temperature within the beta phase " 
field is between about 1875°F and 1925°F (1024-1052°C) 
for a solid gas turbine fan blade article of the 

5. Ti-6%A1-4%V alloy. The total time of heating has 
been found to be suitable when limited to 15 to 
30 minutes. It has further been found that this 
heating step is most favourably accomplished in 
a vacuum or a protective inert gas atmosphere to 

10. avoid excessive oxygen and nitrogen contamination 
of the surface, although heating in air has been 
found to be satisfactory when the resulting contaminated 
surface is removed by machining or dissolution with 
suitable reactive chemicals such as a mixture of 

15. nitric and hydrofluoric acids. 

The second step in this embodiment of the invention 
is to cool the article rapidly from above the beta 
transus temperature to a relatively low temperature 
- for example, room temperature. A liquid quench 

20. such as oil or water has been found to be satisfactory 
although other quenching media such as argon or 
helium gas may be employed. The rapid quench is 
required to obtain a uniform martensite structure 
throughout the article with minimum nucleation and 

25. growth of the conventional alpha phase. The rate 
of cooling from the beta phase field temperature 
must be sufficiently high to achieve this essential 
martensitic structure. This structure exhibits 
a randomly oriented array of fine martensite needles 

30. as shown in Figure 4. This may be contrasted with 

the structure of a conventional titanium alloy casting 
shown in Figure 3 which can be seen to exhibit large 
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colonies of similarly oriented alpha platelets. 

The third step in the process is to expose 
the quenched martensitic article to an elevated temperature 
within the alpha/beta phase field (1500 - 1825°F) 

5. (816-996°C)to decompose the martensite to alpha 
and beta platelets. 

The temperature of this stabilization heat 
treatment may be selected so as to achieve relatively 
fine alpha platelets for example as shown in Figure 

10. 5 for a stabilization heat treatment of 1500°F (816°C) 
for 30 minutes for the Ti-6%A1-4%V alloy. Coarser 
alpha platelet structures can also be achieved with 
high temperatures of exposure within the alpha/beta 
phase field as shown in Figures 6 and 7 which depict 

15. the microstructure resulting from the process descirbed 
but employing stabilization temperatures of 1600°F 
(871 °C) and 1750°F (955°C) respectively for 30 minutes 
for the Ti-6%Al-4% alloy. 

The variation in the microstructural morphology 

20. and dimensions of the alpha phase has been found 

to affect the properties of titanium articles profoundly, 
as will be illustrated by examples below. Thus, 
the selection of the stabilization conditions allows 
a range of properties to be achieved for specific 

25. articles processed within the general method of this 

invention. The time of the stabilization heat treatment 
and the method of cooling have also been found to 
affect the properties of the article processed according 
to the invention as will also be illustrated in the 

30. examples below. 
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The final step in the process illustrating the invention 
is the aging of the quenched and stabilized article ' 
to decompose a portion of the beta phase residing 
between the alpha platelets so as to adjust the 

5. tensile strength and tensile ductility of the article 
to the desired level. Aging results in an alpha/beta 
mocrostructure, the proportions of each depending 
upon the temperature and time of the aging step. 
It has been found that aging is best accomplished 

10 by exposure of the article at a temperature from 

1000-1300°F (538 - 705°C) for a time of 1 to 8 hours 
for the Ti-6%A1-4%V alloy. 

Although this invention is applicable to the 
successful implementation of a hollow titanium airfoil, 

15. the uses of the invention are not limited to this 

and appropriate uses include many other applications 
which may benefit from the unique balance of properties 
which can be achieved in an alpha/beta alloy titanium 
casting through its use. These may include solid 

20. titanium airfoils such as blades or vanes, as well 

as impellers or mixed flow compressor stages intended 
for radial airflow applications in gas turbine engines. 
Other appropriate applications include but are not 
limited to static structures such as cases, strusts, 

25. bearing supports, links and the like. 

The process of the invention is broadly applicable 
to a variety of alpha/beta titanium alloys containing 
alpha stabilizing elements which include, but are 
not limited to, aluminium, tin, nitrogen and oxygen 

30. togfether with beta stabilizers such as molybdenum, 
vandium, iron, chromium or hydrogen. It is most 
broadly applicable to the alloys which contain room 



0181713 

-14- 



temperature equilibrium contents of the beta phase 

from 0 to about 25%, Such alloys include but are 

not limited to Ti-6%A1-4%V, Ti-6%Al-2%S n ~4%A r -2%Mo 

and Ti-6%A1-2%S -4«Z -6%Mo. 

n r 

5. The process is also specifically applicable 

to the alpha or near alpha alloys which exhibit 
microstructural characteristics at low temperature 
which are morphologically similar to the alpha phase 
characteristics of -the aipha/beta alloys. These 

10. alloys include but are not limited to commercially 
pure titanium and Ti-8%Al-l%Mo-l%V. 



-15- 



O W CD 
H3QH 

. o o to 
32 ess to 



Ph Oh 

PS < I 

< Cfa jj> 
5C S i4-i 
Uhv 



w 

■J 
pa 

2 



> 
i 

H 
< 

vO 
I 



D 

W 

< 



2 



[fa 
O 

CO 

w 

t-4 

& 

u 
[fa 
o 

E 

-J 

< 

cj 

z 
< 
a: 
u 
w 
£ 



< 



co^ 
* h 



CO 

>< Ml 

5^ CO 
CN ^ 



O 
< 



2 
O 
»-h 

H 
< 



CO 

to 



H 

z z 
o u 

COH 



LA 

co 
w 
o 
o 

DS 

Ph 



CM 



o 

CO 


o 

CO 








o 

CO 




o 

H 
H 


o 

ON 


50-6 


• 

CO O 

cm cm 


f>. CO 


r-*cn 


VO CO 


on CO 


r% m 


m m 




ON 
H 
1 

CO 

, ( 


cn 

CM 


*ff CO 


<r vo 


^ o 


h m 


CO VO 


HCO 


vo o 


vo m 




o 


in vo 

HH 


cmh 

H H 


on «tf 


oo 

HH 


r*.H 

H 


vo r>* 

fH 


HC* 
H 


cn m 




o 

CM 


Os <T 


<* co 


in co 


O 00 


00 o 


o on 


HH 


OH 


CO 


o 


CO CO 


vo 


f^cn 


m vo 


*a vo 


OS 

H 


COS 


en m 


VO 
fH 


o 

rH 


rsi 


on t** 


cm m 


cn m 


VO <f 


en h 


VO o 


CM CO 


o 


o 


ir\ in 

r-4 fH 


co on 
<r 

r-i H 


tn cm 
mm 
h 


m m 

H i-H 


o o> 
vo m 
i— < h 


en o\ 
m «c 

H H 


m vn 
mm 

H r-t 


cm m 
vo vo 

H tH 


• 

tH 
H 


• 

o 

<r 

r-H 



cm co cm o cm o r>* cn oh mm <r vo on 



<r en 
mm 



< 

a: 
as 

CM 

Cfa 

o 

O 

o 
en 



< 

CsS 

w 
(«, 
e 

O 
m 



Or 
X 



S CO 

cn cn 



< 

ex: 

CM 
w 
Cn 
I 

O 

o 
cn 



CJ 
< 

o£ 
x 



<r cn 



< 



co cn 



< 



oo co 



cj 
< 



CO s 

cn cn 



< 



< 



cn «c 
m m 



< 



X 
CM 



CM 



CSS 
X 
CM 



0£ 
X 
CM 



X 



m 

CM 

ON 



c 
o 

hh cn 

c o 

> o 
c w 

H CU 



c 

0 

Oi 

U CO 

C D 

0) u 

> O 

C W. 





[fa 


ffa 


Cfa 


t 


Cfa 


t 


V 


t 






t 


o 


o 


o 


o 


o 


o 


o 


o 


o 


o 


o 


o 


cn 


en 


cn 


cn 


cn 


tH 


tH 


tH 


tH 


tH 


rH 


tH 


+ 


+ 


+ 


+ 


+ 


+ 














< 


< 


< 


< 


< 


















cr: 


cs 




as 




X 


X 


X 


X 


X 






JT» 


CM 


*c 


<T 






w 


w 




w 




b 


(fa 


Cfa 


Cfa 


tfa 




a 


0 


• 


b 


t 




O 


o 


o 


o 


O 


W 


O 


o 


m 


o 


o 


z 


VO 


m 




vO 


m 


o 


iH 


t-4 


tH 


t-H 


tH 


55 


+ 


+ 


+ 


+ 


+ 


+ 






or 
















% 


















cz 




Q£ 


as 




X 


X 




X 


X 










•if 


-V 




W 






w 


w 






tfa 


ffa 


Cfa 


fa 


tfa 


0 


i 


0 


t 




0 


m 


m 


m 


in 


"m 


m 


CM 


CM 


CM 


CM 


CM 


CM 


ON 




ON 


ON 


ON 


Cv 












0) 


C 


c 


c 


c 


c 


t-4 


0 


o 


O 


o 


o 


o 


i-i CO 


tH CO 


tH CO 


*H CO 


tH CO 


>> CO 


u co 


JU CO 


JJ CO 


4J CO 


JJ CO 


U co 


c o 


C 0) 


C 0) 


C QJ 


c o 


0) 


o u 


CP u 


CJ u 


«y u 


cv u 


fH U 


> o 


> o 


> O 


> o 


> O 


to O 


c w 


c u 


c u 


c w 


c ^ 


D U 






»-i Cfa 


Cfa 


t-i Cfa 


a a, 



cn 



CJ 

< 
^\ 
tc 

X 
CM 

Cfa 

c 

o 
o 
cn 



Cfa W W W w 



O 
O 



2 

. „ . _ _ 

CcS ^\ 



>— / 
Cfa 
• 

m 

CM 
ON 



0) 

u 
p 
JJ 
a 

JJ 



O 
CM 



a 

Cfa 

DS 
X 
CM 
w 
Cfa 
c 

O 
m 
m 



CJ 
(fa 

tc 

X 

CM 



}< H 



O Ph 
JJ 

0) o 

COON 

u A *• 

fa 

I. 

C in 
O co 

tH Q) 

JJ fa) u 
X C O 

GO CJ Wi 
3 > Cfa 
O C 
In OH 
^ O CO 



015171 

0 
C 

CD 

d 

H 

(U 

* t 

. 0 

u 

a) 
o 

C 

u 

fa 
II 



to 

US 

m 



Cfa 
• 

o 
m 
vo 



1 

C 0) 

O co 

tH CD 

JJ u 

c o 

Of IH 

*J > Cfa 
CO c 
Q Oh 
CJU a 



0) 
M 



^ r' 
fa 



4J 

c 

0) 
M 

cn 

Q) 
iH 
•H 
CO 
C 
Q) 
Eh 

O 
-P 
rd 
E 
•H 
4J 
tH 



0) 
•H 

cd 
fa 

0) • 
H 
O 
>i* 
O 

JC 
Cn 



CO W 



D 

03 
<D 
M 

X < 
-P 

CM 

C O 
<U 
Jh 

CO 



c 
o 

•H 

4J 
U 

CD 53 



CD 



CD 
iH 
0 
O 
CJ 

u 

< 



II II II 

• • f 

CO < u 

• t • 

>H Cfa* *C 



-16- 



0181713 



S os 



4J CO 

0JI«3 
U ft 



in 



NH O V O VD r* ^ CO -C 



w 

H 
D 

H 

CO 



w 
rJ 
a 



ft 
o 

CO 

w 

H 

OS 
W 
ft 

o 

OS 
ft 

3 



tn 
c 

O c 



W ft 



CO 

X — . 

<N ft 
• X 
o 



in 
in 

VD 



n cm 



CO 

n vo 



CO CO 



cn 

CM CM 



<• ID 
• t 
CM H 



CM H CM CM 

^ o h m 

• • • • 

cn ^ o o 



vd r* n in so ^ 



»Hin vo iH i-4in 



2 
O 
M 

M 
H 

a 

CO 



Eh 

o w 

O OS 
CO H 



CO 

CO 

w 
u 

§ 

ft 



r-l CM. 
O O 
O O 



VD CM OH 

cm cn r* in 
o o oo 



co cn 
cn cn 





in 






t 












in 






m 




co 


©m 


n cn 


• • 


• » 


• • 




m o 


oo 


CM CM 


CM CM 


CM CM 


co vo 


H GO 


VD O 


* • 


* • 


• # 


rH 


vd r* 


r-< cn 


«H 


H 


rH 


00 o 


o cn 


rH cH 


• • 






^7 VD 


o r* 


co r» 








m o 


o o 


co 


r*« cn 


r- co 


CM CO 


O cn 


in. in 


r* vo 


iH o 


o o 


o o 


rH rH 


rH H 


rH rH 


^ rH 


cn r- 


VD O 



CO 

in 





tn 




• 








CM 








1 


CO 


r- 


• 


CM • 


in 


• v 


CM 


H V 


1 


rn co 


<• 




• 


o . 


CM 


t 

o 




CM 



m cm 



co cn cm 
rH m r* 
r-c h cn 



in cm voh vo men o h> ^ u> m *r m m 

o* cm ^ in cn co cm cm cm cm in cn cn in vo cm 

enen cn cn enen oo oo cn cn enen oo cn 

rH H rH rH H H 



CM 



8 

OS' 
X 
CM 



a- 



CM 



tn 



o 
in 



U 

o 

tn 



8 










% 














I 


os 


« 


I 




x 


X 




CM 


CM 


CM 


CM 


O 


V 


CJ 


o 


o 


e 


0 


0 


in 


in 


in 


m 


o 


o 


o 


o 



3 

os 

35 



i 

CM 



tn 

VO 

cn 



U 
ft 

« 
X 
CM 



U 
e 
cn 
cn 

in r* 



O 

o 

m 



o 
n 



+ 


+ 


+ 


+ 


+ 


+ 


+ 


+ 


+ 


+ 


























% 




































I 


5 


OS 


OS 




I 


OS 










X 


X 


X 


X 




X 














CM 1 
































u 


u 


u 




O 


u 


u 






OS 


o 


o 


0 


o 


0 


o 


o 


0 




X 






rH 


IP 




•H 


VO 


c 




CM 


in 


CM 


r* 


•H 


m 




rH 


o 






cn 


cn 


CO 


CO 


cn 


CO 


CO 








+ 


+ 


+ 


+ 


. + 


+ 


+ 


+ 
























■ ^ 
• 


















CO >t 


PI 




I 


1 




| 


| 




2c 


Q0U4 


O 


















i id 


rH 


os 


OS 


OS 




OS 


OS 


I 


OS 






X 


X 


X 


X 


X 


X 




X 




o 




jr 


Jf 




jr 






JT 


O VI 


o 


















4J ft 


cn 


u 


o 


o 




V 


KJ 




o 


cn 


0 


e 


e 


o 


o 


0 


o 


o 


Q) dP 


00 


CM 


CM 


CM 


CM 


CM 


CM 


CM 


CM 


cno 


I 


in 


in 


in 


in 


in 


in 


in * 


in 


M cn 


ft 


o 


o 


o 


o 


o 


o 


o 


o 


O A 


IH 


















ft — 


K 



CCCCCCCrH- 

oooooooc 

•H CO «H CO -HO -HQ -H 03 «H CO *H CO >t CO 

4JC0 4J O 4J COT 4J CO 4J CO 4-> CO 4J CO U « 

CO) CO) CO CCD CO CO CO O 

OO OO OO OU OO OO O O rH O 

>o >o >o >o >o >o >o oo 

C U CM CH C U CM CM CM 3 M 
H ft H ft H ft H ft IH ft IH ft M ft Oft 



C CO 
O CO 
-H O 
4i 4i O 
X C O 
O* O M 
3 > ft 

O c 

M OH 

3: U a 



S rH 

c to 

O C CO 

U O co 

•H O 

-P 4J O 

CO c o 

ta o m 

O > ft 



-17- 



0181713 



The invention will now be further illustrated 
in the following Examples. 

The results of the invention when applied to 
conventional Ti-6%A1-4%V titanium alloy castings 
which have been hot isostatically pressed at 1750°F 
(955°C) for 2 hours to eliminate internal shrinkage 
porosity are shown in Table I, together with data 
for a conventional titanium alloy casting and for 
a wrought titanium characterisic of the current 
process used to produce titanium fan blades for 
a gas turbine engine. 

In this table it may be seen that the wrought 
fan blade condition produces a room temperature 
maximum allowable high cycle fatigue (HLF) stress 
of approximately 90,000 psi (620.5MPa) at 10 7 cycles 
life to failure. The conventional titanium casting 
process produces a maximum high cycle fatigue stress 
for similar life of about 50,000 - 62,000 psi (344.7 
- 472.5 MPaj. 

Cast titanium material processed according 
to the invention produces an allowable high cycle 
fatigue stress of 80,000 to 95000psi (551.6 - 655.0 
MPa) which is clearly superior to that of conventional 
castings and competitive to that of the current 
wrought titanium fan blade structure. It may further 
be seen that while material processed at the highest 
stabilization temperature (1750°F) (955°C) shows 
a reduction in high cycle fatigue strength compared 
to that for material processed at the lowest stabilization 
temperature (1500°F) (816°C) within the invention 
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the material processed with the 1750°F (955°C) stabili- 
zation temperature displays superior charpy impact 
energy absorption (20-23 ft-lbs) (27.1 - 31. 2 J) 
compared to that of material processed at the lower 
1500°F (816°C) stabilization temperature (16-18 
ft-lbs) (21.7 - 24. 5J) and also superior to that 
of the current wrought fan blade material (18-19 
ft-lbs) (24.5 - 25. 8J). 

Similarly, the tensile strength of articles 
processed by a method according to the invention 
may be increased by the selection of lower stabilization 
temperatures or more rapid cooling rates from this 
temperature. Ductility of such articles may be 
increased by selection of high stabilization temperatures 
or slower cooling rates from this temperature. 
When no stabilization step is utilized the resulting 
structure exhibits very high strength and good high 
cycle fatigue characteristics but tensile ductility 
may be excessively low making the article unsuitable 
for applications where plastic deformation may be 
experienced in service as in gas turbine engine 
components such as fan blades, etc. 

Thus, it can be seen by these examples that 
the . present invention allows certain .important properties 
of cast titanium articles to be tailored so as to 
be competitive with the properties of wrought articles 
by the previously disclosed application of temperatures, 
times and cooling rates to the cast titanium articles. 
Similarly the fatigue properties of cast titanium ' 
articles processed within the invention are clearly 
superior to those of conventional titanium castings 
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while maintaining at least similar tensile strength 
and impact properties. 
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CLAIMS . 



1. A method of heat treating a cast titanium 
alloy article characterised by the steps of: heating 
the cast article; cooling the heated article rapidly; 
stabilizing the cooled article at a first temperature, 
and aging the stabilized article at a second temperature 
less than said first temperature. 

2. A method as claimed in Claim 1 characterised 
in that the heating step comprises heating the article 
to a temperature above its beta transus temperature. 

3. A method as claimed in Claim 1 or Claim 
2 characterised in that the rapid cooling step is 
arranged to produce an acicular martensitic microstructure 
in the article. 



4. A method as claimed in any preceding claim 
characterised in that the stabilizing step comprises 
stabilizing the cooled article within a temperature 
range of from about 1500°F (816°C) to about 1825°F 
(996°C). 



5. A method as claimed in any of Claims 1 
to 3 characterised in that the stabilizing step 
comprises stabilizing the airfoil at a temperature 
within its alpha/beta phase field. 

6. A method as claimed in Claim 4 or Claim 

5 in which the stabilizing step thermally decomposes 
martensitic microstructure. 
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7. A method as claimed in any preceding Claim 
characterised in that the aging step comprises aging 
the stabilized article within a temperature range 
having an upper temperature limit less than about 
1500°F (816°C). 

8. A method as claimed in Claim 7 characterised 
in that the aging step comprises aging the airfoil 

at a temperature of 1000-i300°F (538 - 705°C) for 
a time of 1 to 8 hours, 

9. A method as claimed in any preceding Claim 
characterised in that the rapid cooling step comprises 

. quenching the article in water. 

10. A method as claimed in any preceding claim 
characterised by an initial step of hot isostatically 
pressing the article. 

11. A method of providing a hollow cast titanium 
alloy article comprising the steps of: casting a 
slightly oversized article around a leachable core 
within a mould by vacuum skull melting; removing 

the article from the mould; placing the article 
into a leaching agent to disintegrate the core; 
milling an oxygen enriched layer off the article; 
hot isostatically pressing the article; heat treating 
the article to a temperature above its beta transus 
temperature? rapidly cooling the article to produce- 
an acicular martensitic microstructure; thermally 
decomposing the matensitic microstructure by 
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stabilizing the article at a temperature between 
1500 - 1825 °F (816 - 996°C); and aging the article 
at a temperature of 1000-1300°F (538 - 705°C) for 
a time of 1 to 8 hours. 
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FIG.2 . 
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